A submersible in situ spectrofluorometer, which permits the differentiation of four algal groups (green algae, diatoms and dinoflagellates, cryptophytes and cyanobacteria) was used. Seasonal variation of total chlorophyll a concentration showed that high value appeared in summer and low concentration occurred in spring. Diatoms and dinoflagellates group was the predominant phytoplankton all year in the Bay. The stable stratification of phytoplankton vertical distribution came into being in July. During the stratification event, the total chlorophyll a concentration of deep layer was much higher than the surface; cyanobacteria and cryptophyta groups decreased and almost disappeared, however, the concentration of green algae and diatoms and dinoflagellates groups increased. In deep layer, the concentration of diatoms and dinoflagellates group increased sharply, which was about eight times more than that in the surface layer. The vertical profiles character of phytoplankton showed that from inshore stations to outer bay the stratification of phytoplankton vertical distribution gradually strengthened. Dissolved inorganic nutrient especially phosphate and inorganic nitrogen and cold-water upwelling were the main regulating factor for phytoplankton distribution.
INTRODUCTION
Phytoplankton, as the primary producer in food webs, is the basic biological resources of marine ecosystem. Changes in phytoplankton populations and community structure have a direct impact on the marine ecosystem structure and function. The precise knowledge of the phytoplankton spatial distribution patterns constitutes a powerful tool for an oceanologically-based dynamic coastal management and must be integrated in marine water quality monitoring procedures. The use of fast-response and high-resolution technologies, such as a submersible fluorometer, should significantly help in reaching this objective. The algae of the same division contain a similar quantity and quality of photosynthetic pigments, and their fluorescence excitation spectrum (with a fixed emission wavelength at 680 nm) is significant for each division. So it is possible to differentiate divisions of algae by their fluorescence excitation spectrum. A submersible fluorometer with several excitation and emission wavelength bands was introduced by Desiderio et al. (1997) . Beutler et al. (2002) presented a device (FluoroProbe, bbe-Moldaenke, Kiel, Germany) that was able to discriminate four spectral classes of phytoplankton (default 'green' -green algae, 'blue' -phycocyanin containing cyanobacteria, 'brown" -diatoms, dinoflagellates, and 'mixed' -cryptophyta) according to their fluorescence excitation spectra and also determined their quantity in units μg chlorophyll a per ml. The validation studies for the determination of the total chlorophyll a and composition of phytoplankton communities compared to the standard laboratory methods for phytoplankton quantification, concentration of chlorophyll a and microscopy analysis were carried out. A high correlation between chlorophyll a levels using different methods was found in all types of phytoplankton community. Taxonomic analyses and cell counts were closely related to the ratio of algal classes measured by the in situ spectrofluorometer (Gregor and Marsalek, 2004; Gregor et al., 2005; Gregor et a.,l 2007) . Recently, the submersible fluorometer was used widely for the in situ monitoring of phytoplankton communities in marine and freshwater environments and have been accepted as a quick, simple, and useful tool for quantification of phytoplankton organisms (Serra et al., 2007; Arnaud et al., 2008; Blanco et al.,2008; Znachor1 et al., 2008; Ziegmann et al., 2010; Izydorczyk et al., 2009) .
Sanya Bay is a typical tropical bay of Hainan Island in China. It encompasses a high diversity of natural habitats, ranging from coral reefs, rocky and sandy shores and mudflats to mangroves. Coral reefs are key ecosystems that are important for maintaining the regional marine resources and biodiversity (Wilkinson, 2000; Zhang, 2001; Huang et al., 2003) . The previous traditional biological and ecological studies in the Bay were mainly focused on the survey of phytoplankton species and abundance (Wang et al., 2002; Huang et al., 2003) . The results showed that there was higher phytoplankton abundance in the coast near the city and its adjacent water, while the mouth of the bay always showed a lower value than that in the inner bay (Huang et al., 2003) . The distribution feature mainly resulted from the terrestrial input from the Sanya River and invasion by the offshore oceanic sea water. Phytoplankton abundance peaked in autumn and was lowest in spring (Huang et al., 2003) and diversity was very high (Huang et al., 2003; Zhou et al., 2007; Yang et al., 2007) . Sanya Bay is affected by an allochthonous cold-water upwelling (Dong et al., 2002; Huang et al., 2003) . The stronger northeast monsoon prevails from November to March, causing vertical mixing of water column, and the Southwest monsoon from May to September predominates, causing stable and stratified water column. However, vertical variations of phytoplankton concentration and community structure succession during thermocline events are poorly known. In this study, a submersible fluorometer (Fluo- In this study, a submersible fluorometer (FluoIn this study, a submersible fluorometer (FluoroProbe, bbe-Moldaenke, Kiel, Germany) was applied to quantification of the seasonal and vertical variation of phytoplankton in Sanya Bay. The aim of this study was to determine the vertical and spatial distribution and seasonal variation of phytoplankton and its response to environmental variables in Sanya Bay. (Dong et al., 2008) .
MATERIALS AND METHODS
Sanya Bay lies in the southernmost part (109°20'-109°30'E, 18°11'-18°18'N) of Hainan Island in China (Fig. 1) , with an area of 120 km 2 and an average depth of 16 m. The mean relative humidity is about 79%. The annual average air temperature and rainfall are 25.5°C and 1279 mm, respectively. The rainy season is from May to October, and dry season from November to April. The Sanya River, is located in the eastern part of the bay (length 31 km, drainage area 337 km 2 and has an annual flow of 2.11×10 9 m 3 ).
Sampling stations were located at water depths <20 m, except Station 4 (26 m) and Station 9 (28 m). The survey stations were designed as follows: 1) Fix station S03: the sample was collected monthly from April to September, when the Southwest monsoon predominates.
2) The vertical and spatial distribution of phyto-phytoplankton was surveyed along two transects in July. Transect 1 was from the innermost part to outer bay and the researched stations include station S01, S03, and S04. Transect 2 was oriented in a SE-NW direction and include station S03, S06, S08, and S10 (Fig. 1) .
3) All stations in the Bay, including from S01 to S11, were surveyed seasonally to evaluate the potential environmental variables influence on phytoplankton distribution.
Four seasonal sampling in the Bay were conducted in winter (January 12-13), spring , summer (July 10-11), and autumn (November 5-6) in 2005, respectively. Water samples were taken at the surface and from the bottom layers of all stations in both the dry season (January and April) and the wet season (July and November) in 2005. Two transects sampling were the same as seasonal sampling conducted in July 10-11. Monthly sampling of in situ water temperature and phytoplankton at fixed station S03 were conducted in April 20, May16, June 25, July 11, August 21 and September 21 to evaluate the Southwest monsoon influence on temporal and vertical phytoplankton distribution and water temperature.
A Quanta Water Quality Monitoring System (Hydrolab Corporation, USA) was employed to collect the data for salinity in the surface and bottom layers. Water samples for the analysis of dissolved organic nutrients were collected according to the methods and sampling tools of "Specification for Oceanography Survey" (GB12763-91, China). After collection, the water samples were filtered immediately through precleaned 0.45 μm pore-size cellulose filters for laboratory analyses of nutrients. The samples were preserved deep frozen in the dark before analysis. Sample analyses were carried out at the National Experiment Station of Tropical Marine Biology, Sanya, Hainan Island, China and at the South China Sea Institute of Oceanology, Chinese Academy of Sciences. The units and analytical methods for the various physico-chemical parameters are summarized in Table 1 ( Huang et al., 2003; GB12763-91, China) . The samples included those taken at the surface and the bottom, and the data for this paper are given as mean values between the surface and bottom.
Fluorescence profiles of different phytoplankton communities were carried out using a submersible spectrofluorometer FluoroProbe (bbe-Moldaenke, Kiel, Germany). This probe determines four different communities (green algae, cyanobacteria, diatoms and dinoflagellates, and cryptophytes), which have been previously calibrated by the manufacturer by considering particular algae populations corresponding to each algae group. It measures chlorophyll a fluorescence (685 nm) excited by six different wavelengths (370, 470, 525, 570, 590, and 610 nm) and calculates the amount of four phytoplankton groups in μg chlorophyll a per ml, as well as the total chlorophyll a concentration. Water depth, temperature and fluorescence data were stored in the probe and transferred to a PC in the laboratory. Sample water speed across the measuring probe during depth profiling was about 30 cm s −1 . For a more detailed description of the fluoroprobe, see Beutler et al. (2002) and Gregor et al. (2005) .
Data analysis was performed using SPSS 13.0. Pearson correlation analysis was applied and probabilities (P) of <0.05 were considered to be significant. Surfer 8.0 and Sigmplot 2001 are applied to make the figures.
RESULTS

Vertical and spatial distribution of temperature and phytoplankton
At permanent station S03 the highest temperature occurred in September and the lowest in January (Fig.  2) . The deep layer water temperature declined from Table 1 . -Environmental parameters determined and analytical methods used in this study (Huang et al., 2003; GB12763-91, China June. In July, the water was stable and stratified. The thermocline was situated at a depth of 6-13 m and was at its strongest in July. From August, the water temperature began to mix and the surface water temperature dropped sharply to 24°C. The deep layer water temperature declined to 22°C in August, which was the lowest in the year. In September the temperature increased rapidly. Both the surface and deep layer water temperature increased to 30°C and was the highest in the year (Fig. 2) . During the investigation of transect 1 there was no obvious thermocline found at station S01, which located at the estuary of Sanya River. Remarkable thermocline was detected at station S03 and S04 (Fig. 2,  Fig. 3 ). The maximum thermocline intensity averaged 1.19°C m -1 was detected at station S03, and situated at the depth of 6-13 m (Fig. 2) . The maximum thermocline intensity of station S04 situated at a depth of 6.5-12 m, with an averaging intensity of 1.053ºC m -1 . At station S04 the temperature of deep layer was 7.23°C lower than the surface layer (Fig. 3) . On the S03-S10 transect, remarkable thermocline was detected at both station S03 and S06. However, clear thermocline was not observed at station S08 and S10 (Fig. 3) .
The annual mean chlorophyll a was 1.62 mg m -3 in Sanya Bay. More than 75% of total phytoplankton chlorophyll a was consisted of diatoms and dinoflagellates (Table 2 ). More than 15% of the phytoplankton chlorophyll a was green algae during winter, spring and summer, but the number sharply decreased in autumn. The concentration of cyanobacteria increased greatly and accounted for more than 15% of phytoplankton chlorophyll a in autumn. Figure 4 shows that total chlorophyll a concentration of station S03 increased rapidly during the stratification event. The lowest total chlorophyll a concentration of surface layer was detected in April (0.24 mg m -3 ), and increased from June (Fig. 4) . The highest value of surface layer chlorophyll a concentration was detected in September (1.91 mg m -3 ). The stratification appeared from June and was in its strongest in July. During the stratification event the chlorophyll a concentration of deep layer was much higher than that of the surface. In July the chlorophyll a concentration of deep layer ranged from 4.0-6.77 mg m -3 (averaged 5.83 mg m -3 ), while the chlorophyll a concentration of surface layer was about 1.0 mg m -3 . The chlorophyll a concentration of deep layer decreased from August. In September the total chlorophyll a concentration of deep layer was lower than the surface layer. The chlorophyll a concentration of deep layer was low and distributed evenly in November. Remarkable shift was found in phytoplankton composition. Diatoms and dinoflagellates was the predominant population all the year round. In September, the concentration of green algae decreased, while the concentration of cyanobacteria and cryptophyceae increased greatly. Green algae were in highest concentration in December, and the highest concentration was 0.6 mg m -3 at station S03 (Fig. 4) . The vertical profiles of phytoplankton showed that remarkable differences in vertical distribution detected at outer bay stations S03, S04, and S06. Slight stratification was found at station S08 and S10, while no stratification observed at station S01 (Fig. 5) . Our results of spatial distribution of temperature and phytoplankton showed that from inshore stations to outer bay the thermocline and stratification of phytoplankton vertical distribution gradually strengthened. The area of maximum thermocline and stratification of phytoplankton vertical distribution was situated at the southwest direction of the Bay, where the water depth was about 20 m. The thermocline and stratification situated at a depth of 3-12 m and varied according to the water depth (Fig. 5) .
The relationships between environmental variables and algal groups
The environmental variables at 11 stations in Sanya Bay in 2005 are summarized in Table 3 . The average of temperature was highest in autumn and lowest in winter.
The average salinity varied from 31.59 to 34.33. Table  4 showed that temperature was the main limiting factor on phytoplankton in winter and summer. In winter and summer, temperature was significantly negatively correlated with green algae, diatoms and dinoflagellates, and total chlorophyll a concentration. In winter and autumn temperature showed significantly positive correlation with cyanobacteria and cryptophyta.
Seasonal variations of average salinity showed that in 2005 the highest average salinity occurred in winter and the lowest in autumn. Correlation analysis showed that salinity was the limiting factor on phytoplankton in spring and summer. It showed significant positive correlation with total chlorophyll a concentration and diatoms and dinoflagellates group in summer, and negative correlation with green algae, diatoms and dinoflagellates, and total chlorophyll a concentration in spring (Tables 3 and 4). NO 3 -N was the dominant dissolved inorganic nitrogen form, accounting for more than 60% of dissolved inorganic nitrogen, followed by NH 4 -N. Average concentration of dissolved inorganic nitrogen (including nitrate, nitrite, and ammonia) ranged from 1.18 to 7.93 μmol L -1 among 11 investigated stations. The highest mean value of dissolved inorganic nitrogen was detected at S1, which located at the estuary of Sanya Rive. Seasonal variation of dissolved inorganic nitrogen showed that the highest value was detected in autumn, and the lowest value occurred in winter in the Bay (Table 3). Correlation analysis showed that green algae, diatoms and dinoflagellates, and total chlorophyll a concentration had highly significant correlations with dissolved inorganic nitrogen in winter and spring. In autumn, cyanobacteria showed significant positive correlation with dissolved inorganic nitrogen. In summer dissolved inorganic nitrogen was not the limiting factor on phytoplankton in the Bay (Table 3 and 4) . The mean value of phosphate (PO 4 -P) concentration ranged between 0.08 to 0.40 μmol L -1 , the highest average concentration occurred at station S01, the lowest value were detected at station S09. In winter, the Bay had the highest average phosphate and the lowest value in spring. In winter and spring, phosphate was the limiting factor on diatoms and dinoflagellates, and total chlorophyll a concentration. In autumn, phosphate was the limiting factor on green algae and cyanobacteria groups (Table 3 and 4).
The average concentration of silicate (SiO 3 -Si) ranged from 10.09 to 26.355 μmol L -1 . The highest mean value of silicate was detected at S1. The lowest average silicate was detected in S08. The highest mean value of silicate was detected in autumn, and the lowest value occurred in spring. In spring, silicate showed significantly positive correlation with diatoms and dinoflagellates, and total chlorophyll a concentration (Table 3 and 4).
The nutrient molar ratios ranges of Si/N, Si/P, and N/P were 3. 34-7.27, 101.31-246.61, and 31.96-52.90 , respectively. The lowest average Si/N was detected in spring and the highest in winter. Both lowest average Si/P and N/P were detected in winter, and the highest value of both occurred in autumn. The ratio of Si/N showed negative correlation with green algae, diatoms and dinoflagellates, and total chlorophyll a in winter. The ratio of N/P showed significantly positive correlation with green algae, diatoms and dinoflagellates, and total chlorophyll a in spring (Table 3 and 4).
DISCUSSION
The total chlorophyll a concentration in Sanya Bay is generally lower than that of Daya Bay and Zhujiang Estuary (Huang et al., 2003; Tan et al., 2004; Li et al., 2006; Wang et al., 2006) . The annual chlorophyll a concentration was higher than that obtained during previous investigation (Huang et al., 2003) . Diatoms and dinoflagellates group was the dominant phytoplankton in the Bay all year. Phytoplankton assemblage of Sanya Bay was often found dominated by the diatoms in terms of genus number and density compared to the other taxonomic groups, which agrees with the results of Huang et al. (2003) and Yang et al. (2007) who also reported the higher abundance of diatoms in seawater compared to other phytoplankton groups. The results from Pearl River estuary and Sepanggar Bay (Malaysia) also reported that most phytoplankton genera belong to diatoms (Huang et al., 2004; Sidik et al., 2008) .
Variations of phytoplankton have been linked to light, macronutrient availability, temperature, salinity and zooplankton grazing in tropical and subtropical water systems (Fu and Bell, 2003a, b; Chen et al., 2004; Chen, 2005; Ramirez et al., 2005; Cynthia and Jorge, 2006; Li et al., 2006) . Sanya Bay is a tropical bay, the temperature of sea water was higher than 20°C all year round. So temperature was not the controlling factor of total phytoplankton chlorophyll a concentration. The inshore stations showed lower water temperature and higher nutrient content in winter, and lower salinity and higher nutrient content in spring, and the phytoplankton chlorophyll a concentration of inshore stations was higher than outer Bay water area in these two seasons. This suggested that compared to water temperature and salinity, dissolved organic nutrient was the main regulating factor for phytoplankton distribution in these two seasons.
The vertical and seasonal variations and distributions of water temperature suggest that thermocline occurred during May-August. In May the thermocline was caused by solar irradiation and during June-August by an exotic cold-water upwelling (Dong et al., 2002; Huang et al., 2003) . The thermocline disappeared from September to the following March, and the seawater mixed. The thermocline in Sanya Bay reveals that there was no obvious vertical distribution and stratification in the area of inshore stations. The results from Shang et al. (2004) suggested that the difference in upwelling patterns were determined by the wind intensity and direction. In Sanya Bay the costal-upwelling forced by southwest monsoon and the strong stratification events occurred at stations which located in the outer and south area of the Bay. Great changes took place on phytoplankton vertical distribution during the stratification events. Total phytoplankton chlorophyll a concentration in bottom layer increased sharply and much more than surface layer. Cyanobacteria and cryptophyta decreased and almost disappeared, however, the concentration of green algae and diatoms and dinoflagellates groups increased. In bottom layer, the concentration of diatoms and dinoflagellates group increased sharply, which was about eight times more than that in the surface layer. This stable stratification is caused by Wind-driven costal upwelling. Winddriven costal upwelling is an important phenomenon that leads to the water temperature drop (Landry et al., 1998; Shang et al., 2004; Varela et al., 2005) and phosphorus enrichment and low DIN/DIP ratios in the euphotic layer (Niemi, 1973; Haapala, 1994; Alenius et al., 1998) . The transport of phosphorus potentially promotes growth of the phytoplankton. In addition, a lot of pelagic species such as Thalassiosira subtilis entered into the day during the stratification events. This suggested that cold-water upwelling was the leading factor influencing on phytoplankton distribution in the bay in summer.
Based on the low DIN/DIP ratio in the water in stratification events, the nitrogen-fixing cyanobacteria would be expected to benefit from the phosphorus enrichment of the surface layer with a delay in the biomass response because of the growth inhibition by the low temperatures (Lehtimaki et al., 1997; Vahtera et al., 2005) . In autumn when the temperature increased the concentration of cyanobacteria increased greatly. Previous results suggested that monsoons may play a significant role in the distribution of predominant cyanobacteria Trichodesmium in Sanya Bay, and in autumn Trichodesmium abundance increased during the period of the transition from the SW to the NE monsoon (Dong et al., 2008) .
In conclusion, dissolved inorganic nutrient especially phosphate and inorganic nitrogen and coldwater upwelling were the main regulating factor for phytoplankton distribution, which was consistent with the previous results conducted by cell counts method (Yang et al., 2007) .
